cates that V D /V T is markedly elevated within 24 h of ARDS onset and is significantly elevated in non-survivors. [2] [3] [4] [5] [6] [7] [8] Moreover, sustained elevation of V D /V T in ARDS has been associated with higher mortality. 5, 6 A pulmonary-specific physiologic variable such as V D /V T , which is strongly associated with mortality, could be useful in assessing the efficacy of new therapies for ARDS in prospective clinical trials. Prior studies examining the prognostic value of V D /V T have had limitations that prevent the generalizability of their results to subjects eligible for therapeutic clinical trials, including the fact that subjects were studied at only 1 or 2 hospitals. 2-8 Older studies, 2, 6 in which subjects were managed with traditional higher V T ventilation, did not always include subjects with less severe oxygenation defects (ie, these studies focused only on subjects with moderate or severe ARDS by the current Berlin definition), 9 and included subjects who had risk factors for mortality that would have excluded them from enrollment in a therapeutic clinical trial.
Introduction
Physiologic dead-space fraction (ratio of dead space to tidal volume [V D /V T ]) is the portion of tidal volume that does not participate in gas exchange and therefore consists of expired gas without carbon dioxide. Historically, elevated V D /V T in patients with ARDS was thought to be a late-occurring phenomenon associated with the fibroproliferative stage of injury. 1 However, newer evidence indi-cates that V D /V T is markedly elevated within 24 h of ARDS onset and is significantly elevated in non-survivors. [2] [3] [4] [5] [6] [7] [8] Moreover, sustained elevation of V D /V T in ARDS has been associated with higher mortality. 5, 6 A pulmonary-specific physiologic variable such as V D /V T , which is strongly associated with mortality, could be useful in assessing the efficacy of new therapies for ARDS in prospective clinical trials. Prior studies examining the prognostic value of V D /V T have had limitations that prevent the generalizability of their results to subjects eligible for therapeutic clinical trials, including the fact that subjects were studied at only 1 or 2 hospitals. [2] [3] [4] [5] [6] [7] [8] Older studies, 2, 6 in which subjects were managed with traditional higher V T ventilation, did not always include subjects with less severe oxygenation defects (ie, these studies focused only on subjects with moderate or severe ARDS by the current Berlin definition), 9 and included subjects who had risk factors for mortality that would have excluded them from enrollment in a therapeutic clinical trial.
More recent, small, prospective studies [3] [4] [5] 10 enrolled subjects spanning the spectrum of ARDS from mild to severe, who were managed with lung-protective ventilation. In these studies, early elevation in V D /V T was associated with increased mortality. However, the results of these studies differed in whether abnormalities in V D /V T differentiated subjects with mild versus severe oxygenation defects. In one study, 10 elevated V D /V T alone did not predict mortality unless it was associated with elevated plasma markers for endothelial damage.
To our knowledge, only one study has incorporated V D /V T into a therapeutic clinical trial to assess mortality risk. In a phase 2 randomized, controlled, multi-centered study of 75 subjects with ARDS, 11 V D /V T was used to assess the physiologic effects of recombinant activated protein C on pulmonary function. In that trial, which managed subjects with the ARDS Network lung-protective ventilation protocol, 12 there was a significant decline in V D /V T among subjects who received recombinant activated protein C. 11 However, mortality was exceptionally low (13%), and the association between V D /V T and mortality was not addressed specifically.
The current study was designed to determine whether V D /V T in patients with ARDS (P aO 2 /F IO 2 Յ 300 mm Hg) 9 is associated with mortality in the context of a large clinical trial using lung-protective ventilation. We prospectively studied subjects enrolled into a multi-center, phase 3, randomized-controlled trial of the National Heart, Lung and Blood Institutes' ARDS Network. 13 Our primary objective was to determine whether elevated V D /V T early in the clinical course was associated with mortality.
Methods
Subjects 18 y or older were co-enrolled into this observational sub-study of V D /V T within 48 h of meeting the American-European Consensus Conference criteria for acute lung injury or ARDS. 14 Specific inclusion and exclusion criteria have been previously published. 13 To qualify for the study, subjects had to meet all 3 AmericanEuropean Consensus Conference criteria (P aO 2 /F IO 2 Յ 300, bilateral infiltrates on chest radiograph during invasive mechanical ventilation, and the absence of evidence of elevated left atrial pressures) within the same 24-h period. In addition, enrollment, randomization, and initial protocol-directed therapies had to be initiated within 48 h of meeting acute lung injury or ARDS criteria. Of the 22 specific exclusion criteria, those most relevant to the dead-space sub-study were severe chronic respiratory disease, which was defined as chronic hypercapnia with P aCO 2 Ͼ 45 mm Hg, chronic hypoxemia with P aO 2 Ͻ 55 mm Hg on room air, secondary polycythemia, severe pulmonary hypertension with mean PAP Ͼ 40 mm Hg, or ventilator dependence; diffuse alveolar hemorrhage from vasculitis, severe morbid obesity, and moribund condition (ie, not expected to survive 24 h). A complete list of criteria can be found online at http://www. clinicaltrials.gov/ct2/show/NCT00434993. 13 Subjects were enrolled between August 6, 2006 and July 7, 2008 at 24 hospitals of the National Heart, Lung, and Blood Institute ARDS Network (ClinicalTrials.gov identifier NCT00434993, Appendix). The V D /V T sub-study 
What this paper contributes to our knowledge
In patients with ARDS as defined by the Berlin definition (P aO 2 /F IO 2 Յ 300 and PEEP Ն 5 cm H 2 O), a V D /V T Ն 0.60 was associated with a higher mortality. The role of routine monitoring of V D /V T to predict outcome or guide therapy remains to be determined.
was approved by the data safety monitoring board for the parent clinical trial, 13 as well as by the institutional review board of each participating hospital. Written informed consent was obtained from subjects or their surrogates at the time of enrollment into the clinical treatment trial.
Measurements
Measurements of V D /V T were performed within 4 h of enrollment and repeated daily on study days 1 and 2 if arterial blood gas measurements were indicated for clinical management. An automated volumetric capnography monitor was used (NICO, Philips Respironics Healthcare, Wallingford, Connecticut) that had been previously validated in patients with ARDS. 15 Mean expired carbon dioxide measurements with the NICO monitor coincided with arterial blood gas procurement and a ventilator systems check.
Assessments were made only when subjects were managed with a ventilator mode providing full support (ie, volume, pressure, or dual-mode assist/control ventilation), so that inspiratory time and V T were likely to be relatively stable, and measurements of respiratory-system compliance could be made. Subjects were studied in the semirecumbent position, in the absence of nursing care activities and when they were observed to be calm and synchronous with the ventilator.
In addition to V D /V T , the mean expired carbon dioxide partial pressure, volume of carbon dioxide excretion per minute, and expired V T were recorded from the NICO monitor. We also recorded arterial blood gas values and standard ventilator data such as ventilator mode, plateau pressure, PEEP, mean airway pressure, F IO 2 , and total breathing frequency.
V D /V T was calculated by the monitor using the Enghoff modification of the Bohr equation as the difference between arterial and mean expired carbon dioxide partial pressure divided by the arterial carbon dioxide partial pressure 16 : V D /V T ϭ (P aCO 2 Ϫ P Ē CO 2 )/P aCO 2 . Minute ventilation was calculated as the product of expired V T and total breathing frequency. Respiratory-system compliance was calculated as V T divided by the end-inspiratory plateau pressure minus PEEP. Oxygenation index (OI) was calculated as the product of mean airway pressure and the percent of inspired oxygen divided by the partial pressure of arterial oxygen. 17 Each participating site received formal training on the use of the NICO monitor provided by clinical research specialists from Philips Respironics Healthcare. The training material and presentation was designed by Philips Respironics Healthcare and ARDS Network investigators, and was based on the same training program developed for a previous multi-center clinical trial. 11 Because numerous clinicians across multiple research centers were making measurements of V D /V T , two simple quality control measures were used to verify data prior to the analysis. The first was to confirm that dead-space measurements were made on a full support mode of ventilation. Second, to lessen the possibility of inadvertent transcription error, the recorded V D /V T was verified by independent calculation using the Enghoff-Bohr equation and the corresponding recorded values for P aCO 2 and P Ē CO 2 . Although recording errors could have occurred in either direction, a pre hoc decision was made that both calculations had to be in agreement in order for data to be included in the analysis.
Death prior to hospital discharge (or hospital day 90) was the primary outcome variable in this study. Subjects were followed until death or discharge from the hospital.
Statistical Analysis
Continuous variables were expressed as mean Ϯ SD or median with interquartile range, and were compared using Student t test or the Wilcoxon rank-sum test, where appropriate. Categorical variables were reported as percentages and compared using chi-square tests or Fisher exact tests where appropriate. Multivariate logistic regression models were used to test the association of V D /V T with mortality. A pre hoc decision was made to adjust the analyses for ARDS etiology, OI, ratio of P aO 2 to F IO 2 (P aO 2 /F IO 2 ), and for the presence of shock (defined as the use of vasopressors except for dopamine at a dose of Յ 5 mcg/kg/min) as a measure of severity of illness. Although the Acute Physiology and Chronic Health Evaluation (APACHE) III score was calculated, it was not used in the modeling for practical reasons as the score is not available in clinical practice, whereas information regarding vasopressor use is and is associated with higher mortality. 18 However, the primary etiology causing ARDS was categorized as pneumonia, sepsis, aspiration, trauma, and other, and then entered into the model as dummy variables. The etiology of ARDS was determined by study investigators through review of the medical record and recorded for all study subjects. The odds ratio (OR) for death was calculated per 0.10 increases in V D /V T .
Two additional tests were done to assess the potential impact of V D /V T on mortality over time. First, analysis of covariance was used to assess differences in V D /V T between non-survivors versus survivors at day 2, adjusting for baseline V D /V T . Second, Cox proportional-hazards models were used to test the association between V D /V T and mortality in the subgroup of subjects who had complete data over the first 3 days. For this purpose, we constructed 3 models. Model 1 was unadjusted and only included V D /V T measured on a daily basis over the first 3 days as a time-varying covariate. Model 2 included daily V D /V T and baseline OI as the covariates. Model 3 included daily V D /V T and daily OI as time-varying covariates. We selected OI as a covariate in these models because of prior studies showing a strong association with mortality. 19 All results were considered to be statistically significant at two-tailed P Ͻ .05. Stata 12.0 (Stata Corp, College Station, Texas) computer software was used for statistical analysis.
Results
When the primary clinical trial was stopped, a total of 354 dead-space measurements had been made in 126 subjects. The quality control assessment revealed that 308 measurements (87%) in 115 subjects (90%) were done on an approved full-support mode of ventilation, and also passed the secondary data-validity check. For these 115 subjects, the 60-day mortality was 19%. Sixteen subjects did not have baseline measurements made on the day of study enrollment. Therefore, 99 subjects had dead-space measurements made at baseline. Dead-space measurements were made in 84 subjects on study day 1, and in 56 subjects on study day 2 (Fig. 1) . The primary etiology for lung injury was pneumonia followed by sepsis, aspiration, and trauma. Non-survivors were older, and at baseline had both significantly higher APACHE III scores and higher vasopressor use (Table 1) . Over the duration of the study, pulmonary gas exchange dysfunction was characterized by elevated V D /V T and diminished P aO 2 /F IO 2 , as well as markedly decreased respiratory-system compliance ( Table 2) .
When analyzed by outcome, there was a trend toward higher baseline V D /V T in non-survivors compared with survivors (0.62 Ϯ 0.11 vs 0.56 Ϯ 0.11, respectively, P ϭ .08). However, V D /V T was significantly higher among nonsurvivors on study day 1 (0.64 Ϯ 0.12 vs 0.55 Ϯ 0.11, respectively, P ϭ .01) and day 2 (0.67 Ϯ 0.12 vs 0.56 Ϯ 0.11, respectively, P ϭ .004) (Fig. 2) . Likewise, the OR for death in the unadjusted logistic regression model approached statistical significance on the day of study enrollment (OR ϭ 1.59 [95% CI 0.94 -2.72] for every 0.10 increase in V D /V T, P ϭ .08); thereafter, the association between V D /V T and mortality was stronger, becoming statistically significant on study days 1 (OR ϭ 1.94 [95% CI 1.16 -3.27], P ϭ .01) and day 2 (OR ϭ 2.50 [95% CI 1.26 -4.97], P ϭ .009) ( Table 3) .
Adjusting the analysis for ARDS etiology, P aO 2 /F IO 2 , OI, and baseline vasopressor use produced a modest increase in the baseline OR for V D /V T : (OR ϭ 1.73 [0.82-3.63], P ϭ .09). However, the strength of association between V D /V T and mortality in the adjusted model increased markedly on study day 1 (OR ϭ 6.84 [1.62-28.84], P ϭ .01) and study day 2 (OR ϭ 4.90 [1.28 -18 .73], P ϭ .02) (Table 3). In contrast, only baseline P aO 2 /F IO 2 and vasopressor use were significantly associated with mortality in the adjusted model.
Next, we used analysis of covariance to test whether differences in V D /V T between non-survivors and survivors at day 2 remained significant after controlling for baseline V D /V T . Indeed, day 2 V D /V T remained significantly associated with mortality in this model (P ϭ .03). In an alternate analysis, we used Finally, because this study was done within a larger randomized, placebo-controlled clinical trial assessing the efficacy of aerosolized albuterol, 13 analysis of covariance was used to assess the potential influence of albuterol on V D /V T at day 2, controlling for baseline level. Aerosolized albuterol therapy did not affect V D /V T (P ϭ .84).
Discussion
The primary objective of this study was to assess whether V D /V T was associated with mortality in subjects with ARDS enrolled into a prospective clinical trial, and whether subsequent measurements were equally useful compared with those made at study entry. On the day of study enrollment, there was a trend toward higher V D /V T in non-survivors.
On both study days 1 and 2, V D /V T was significantly higher in non-survivors. These results suggest the possibility that V D /V T measured on the first few days following enrollment might be an even better tool for assessing mortality risk. Of note, the association between V D /V T and mortality was independent of the degree of oxygenation impairment, a finding that is consistent with other studies. 2, 5 Moreover, the adjusted analyses demonstrated that, in contrast to measures of oxygenation, the association between V D /V T and mortality was stronger and remained significant over the first 3 study days.
The difference in V D /V T between non-survivors and survivors of ARDS in this study is similar to that reported by several other investigators. In 3 prior studies, 4-6 the average V D /V T on study enrollment was 0.61-0.62 in nonsurvivors and 0.53-0.54 in survivors. In another study 3 of patients with mild ARDS, the difference was 0.55 and 0.48 for non-survivors and survivors, respectively. Among studies that made repeated measurements over several days, the gap in V D /V T between non-survivors and survivors was sustained or increased. 3, 5, 6 In these studies, the initial difference in V D /V T between non-survivors and survivors was 0.06 -0.08, and increased to 0.1 or greater over the disease course. 3, 5, 6 These previous findings are similar to our results, in which the initial difference in mean V D /V T between non-survivors and survivors was 0.06 and subsequently increased to 0.09 -0.11. A plausible explanation for the consistent results across studies is that pathophysiologic changes in ARDS (as manifested by V D /V T ) may be more severe in non-survivors and appear to progress, whereas, among survivors, the pathophysiologic changes are less severe and/or self-limiting.
In ARDS, PEEP has a variable effect upon V D /V T : alveolar recruitment decreases dead space, whereas alveolar over-distention increases it. 20 It is difficult to predict the impact of PEEP because both phenomena can occur simultaneously. In our study, PEEP and F IO 2 were adjusted according to the ARDS Network low V T protocol based upon a target P aO 2 range of 55-80 mm Hg, rather than optimizing either pulmonary oxygenation or pulmonary mechanics. Therefore, it is uncertain how protocoldirected changes in PEEP may have influenced V D /V T , particularly in subjects whose pulmonary function was deteriorating. However, measurements obtained during the first 3 days of study showed no difference between non-survivors and survivors in PEEP, V T or plateau pressure (surrogates of potential pulmonary over-distention). These findings suggest that there was no systematic difference in how these variables were adjusted between nonsurvivors and survivors that may have influenced deadspace measurements.
The major limitation of this study was that a sufficient number of subjects could not be enrolled to adequately test whether the association between V D /V T and mortality was 9 Another potential limitation stems from the fact that daily measurements occurred only in subjects who had arterial blood gas analysis ordered for clinical management. Therefore, a potential bias is that our study sample may have represented more subjects, who by clinical presentation may have been judged to be deteriorating by clinicians caring for them, or at least more tenuous than those who did not have arterial blood gas measurements. Regardless these would encompass the very subjects in whom the predictive potential of dead-space measurements would be most useful. Another relevant issue has been the search for a readily available surrogate of V D /V T that eliminates the need for expired gas monitoring. This has been particularly important to those involved with population-based outcome studies of ARDS. Interest in the relationship of CO 2 excretion to mortality is stymied by the fact that dead-space measurements are not yet standard clinical practice. For example, the ARDS Definition Task Force 9 attempted to use corrected minute ventilation (ie, [P aCO 2 ϫ minute ventilation]/40) 21 as a potential surrogate for dead space in defining those with severe lung injury. However, this surrogate was not used in the final definition because of a lack of evidence for predictive validity. 9 Others have reported that estimated V D /V T (by calculating carbon dioxide production from the Harris-Benedict equation, in conjunction with a modified alveolar air equation to derive mean P Ē CO 2 ) was useful for predicting mortality in ARDS. 22 This encouraging result seemingly obviates direct measurement of expired CO 2 in clinical practice. However, these findings should be interpreted with caution because of issues concerning validation methodology 23, 24 In addition, there is clinical evidence that this method significantly underestimates actual dead space; therefore, it may not be an ideally suited tool for evaluating the true impact of impaired CO 2 excretion on outcomes in ARDS. 25 The uncertainty surrounding estimated versus measured V D /V T is based in part upon findings that equations used to predict metabolism agree poorly with measured energy expenditure in critically-ill, mechanically-ventilated patients. 26 In addition, the measured volume of CO 2 excreted by the lungs (which determines mean P Ē CO 2 ) is unlikely to reflect CO 2 production in the presence of severe ventilation:perfusion mismatching, intrapulmonary shunting, and shock. 27 This disparity between production and excretion during critical illness reflects the body's considerably capacity to store CO 2 (estimated to reach 20 L, or 11.6 mL/kg per 1 mm Hg change in P aCO 2 ); the dynamics of which are partly determined by muscle perfusion. 28, 29 In fact, even under normal physiologic conditions, a true CO 2 steady state is considered rare. 29 Given these uncertainties, and until better methods of accurately estimating P eCO 2 have been firmly established, V D /V T should be determined in subjects with ARDS using direct measurements of expired CO 2 .
Conclusions
The results of this study demonstrate the practicality and utility of measuring V D /V T in subjects with ARDS enrolled in a clinical trial. In addition, this relatively large multi-center observational study confirms the results of previous smaller, single-center studies, [2] [3] [4] [5] [6] specifically that early and sustained elevations in V D /V T are associated with higher mortality in patients with ARDS. Therefore, measurement of V D /V T appears to provide important information that may be useful in therapeutic clinical trials. 
